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Splicing of a divergent subclass of AT-AC introns
requires the major spliceosomal snRNAs

QIANG WU and ADRIAN R. KRAINER

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA,
and the Program in Molecular and Cellular Biology, State University of New York at Stony Brook,
Stony Brook, New York 11794, USA

ABSTRACT

AT-AC introns constitute a minor class of eukaryotic pre-mRNA introns, characterized by 5’-AT and AC-3’ boundaries,
in contrast to the 5'-GT and AG-3’ boundaries of the much more prevalent conventional introns. In addition to the
AT-AC borders, most known AT-AC introns have highly conserved 5’ splice site and branch site sequence elements
of 7-8 nt. Intron 6 of the nucleolar P120 gene and intron 2 of the SCN4A voltage-gated skeletal muscle sodium channel
are AT-AC introns that have been shown recently to be processed via a unique splicing pathway involving several
minor U snRNAs. Interestingly, intron 21 of the same SCN4A gene and the corresponding intron 25 of the SCN5A
cardiac muscle sodium channel gene also have 5’-AT and AC-3' boundaries, but they have divergent 5’ splice site and
presumptive branch site sequences. Here, we report the accurate in vitro processing of these two divergent AT-AC
introns and show that they belong to a functionally distinct subclass of AT-AC introns. Splicing of these introns does
not require U12, U4atac, and U6atac snRNAs, but instead requires the major spliceosomal snRNAs U1, U2, U4, U5, and
U6. Previous studies showed that G — A mutation at the first position and G — C mutation at the last position of
a conventional yeast or mammalian GT-AG intron suppress each other in vivo, suggesting that the first and last
bases participate in an essential non-Watson—Crick interaction. Our results show that such introns, hereafter termed
AT-AC Il introns, occur naturally and are spliced by a mechanism distinct from that responsible for processing of the
apparently more common AT-AC | introns.

Keywords: divergent AT-AC introns; in vitro splicing; pre-mRNA splicing; skeletal and cardiac muscle sodium
channel

INTRODUCTION tion, and U1 and U4 are released from the spliceosome

Splicing takes place in a large ribonucleoprotein com-  (Ares & Weiser, 1995). Finally, U5 snRNA aligns the
plex known as the spliceosome. Spliceosome assembly ~ tWO exons together through weak base pairing be-
is a dynamic process that involves the ordered binding ~ tWeen the ur1dme—1:1ch loop of US and nonconserved
of several snRNAs and numerous proteins to the pre- ~ €Xon sequences (O'Keefe et al., 1996). As a result of
mRNA substrate (Moore et al., 1993; Black, 1995; Reed, two F:onsgcutwe trans-esterification reactions, the in-
1996). Splicing is thought to be catalyzed by snRNAs tron is excised out as a lariat molecule, and the exons
(Madhani & Guthrie, 1994; Newman, 1994; Nilsen, 1994) ~ are joined together. it

with the help of protein splicing factors (Fu, 1995; _The great majority of introns hlave canonical 5’ splice
Krémer, 1996; Manley & Tacke, 1996). First, with the ~ Sites that begin with GT and 3’ splice sites that end
help of SR proteins and U2AF, the U1 and U2 snRNAs with AG..A minor class of introns Wlth noncanonical
base pair with the conserved 5' splice site and branch ~ T 9’ splice sites and AC 3" splice sites has also been
site, respectively (Kohtz et al., 1994; Valcarcel et al, ~ found in several eukaryotic genes (Jackson, 1991; Hall
1996). Then U4, U5, and U6 snRNAs join the splice- & Padgett, 1994%). These can be subfi1v1ded into those
osome as a tri-snRNP particle; U6 snRNA replaces Ul that have 5’ splice site and branch site elements with a
snRNA by base pairing to the 5’ splice site, which close match to the respective consensus sequences, and

serves as a proof-reading step for 5’ splice site selec- those that have more divgrgent sequences. We refer to
the former as AT-AC I introns, and to the latter as

5 : ; : AT-AC Il introns. A compilation of the AT-AC I introns

Reprint requests to: Adrian R. Krainer, Cold Spring Harbor Lab- I o A 1y B b lesl Thevtinclude 17
oratory, Cold Spring Harbor, New York 11724, USA; e-mail: krainer@ own to date is shown in Table 1. €y mclu .e.

cshl.org. sequences that belong to 13 unrelated gene families;
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A divergent subclass of AT-AC introns

TABLE 1. Compilation of known AT-AC I introns and their conserved sequences.®

Species Gene Intron 5' splice site Presumptive 3’ splice site Size
number branch site (nt)
Human P120 6 Wepdt ccttllals aggcccle|aT 99
Human CMP 7 c tctgagtcelled(TG 615
Human  SCN4A 2 cctgccceRlsd|GC 126
Human  SCNS5A 3 cccacgeels|GC ?
Human CACNLI1A4 1 tccccaatlle|TC 7
Human  GT335 6 tctgcacklsd|Ga 3000
Human  E2F1 4 tctgcc CcC 660
Mouse E2F4 3 ccccacd(cT 299
Mouse SCN8A 2 tcctctctiEls (A %
Mouse CDKS5 9 acatggacgtle|aCc 440
Mouse REP-3 6 cattactgled| AT 1400
Mouse XPG 13 tgccageElsd|AT 900
Mouse HPS 15 caggcctgegted(cT 600
Xenopus TFIIS.0A 6 acla tccctttgegle(cG 600
Fly Prospero 2 tcctttgekle|TC 87
Arabid.  ArLIMI15 14 arlictgaagaaatelle|AG 99
Arabid.  AtG5 J caaggcttgla|cT 138
AT-AC 1 consensus tccttizals pach
GT-AG consensus AG|gtaagt ynytray y,,nyag |GT

?Sequences around the 5’ splice site, 3’ splice site, and presumptive branch site of known AT-AC I introns are shown.
Smaller subsets of these sequences were shown in previous compilations (Jackson, 1991; Hall & Padgett, 1994; Wu &
Krainer, 1996). P120: proliferating cell nucleolar antigen; AT-AC I intron also present in monkey, mouse, and dog
homologues (Larson et al., 1990; Hall & Padgett, 1994). CMP: cartilage-matrix protein (Jenkins et al., 1990; size
determined from our unpublished sequencing data); AT-AC I intron also conserved in chicken homologue (Kiss et al.,
1989); SCN4A: skeletal muscle voltage-gated sodium channel a subunit; AT-AC I intron also conserved in rat homo-
logue (McClatchey et al., 1992; George et al., 1993); SCN5A: cardiac muscle voltage-gated sodium channel @ subunit
(Wang et al., 1996); SCN8A: brain and spinal cord voltage-gated sodium channel « subunit (Kohrman et al., 1996);
CACNL1A4: voltage-gated calcium channel « subunit (Ophoff et al., 1996); GT335: gene of unknown function (Lafreniére
et al., 1996); E2F: family of transcription factors involved in transcription initiation of cell-cycle regulated genes
(Neuman et al., 1996; R. Rempel, pers. comm.); CDK5: a cyclin-dependent kinase (Ohshima et al., 1995); REP-3: a
protein thought to be involved in DNA repair (Liu et al., 1994); AT-AC I intron also present in human homologue,
designated MSH3, but ends with AA instead of AC (Watanabe et al., 1996); XPG: DNA excision repair gene, defective
in Xeroderma pigmentosum (Ludwig et al., 1996); HPS: mouse pale ear gene, homologous to human gene defective in
Hermansky-Pudlak syndrome; AT-AC I intron also conserved in human HPS gene (Bailin et al., 1997; Feng et al., 1997);
TFIIS.0A: transcription elongation factor; AT-AC I intron also present in closely related TFIIS.oB allele (Plant et al.,
1996); Prospero: a homeodomain transcription factor expressed in neuronal precursor cells (Hall & Padgett, 1994);
ArLIM15: Arabidopsis thaliana gene homologous to Lilium longiflorum LIM15 and to other meiosis-specific recombination
genes related to E. coli recA (Sato et al., 1995; Wu et al., 1996); AtG5: A. thaliana putative transmembrane protein (Wu
et al., 1996). Intron sequences are shown in lower case, flanked by two exon nucleotides on each side, in upper case.
Invariant or virtually invariant sequences are shown as white letters on black background; less conserved sequences are
shown as black letters on grey background. The underlined adenosine in the P120 sequence denotes the only AT-AC 1
branchpoint mapped to date (Tarn & Steitz, 1996a). Question marks indicate unknown sequences; dots indicate se-
quences that are not known or not shown. Some of the intron sizes are only approximate. The consensus sequences are
shown at the bottom, with the conventional GT-AG intron consensus sequences also shown for comparison; r = purine;
y = pyrimidine.
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the AT-AC I introns are conserved in several species
homologues that are not shown in the table. AT-AC I
intron processing has been shown to require the minor
U12 snRNA and probably also the minor U1l snRNA
and the major U5 snRNA, but not the major U2, U4, or
U6 snRNAs (Hall & Padgett, 1996; Tarn & Steitz, 1996a;
Wu & Krainer, 1996; reviewed in Kreivi & Lamond,
1996). Two novel minor snRNAs, Udatac and Ubatac,
were recently identified in an AT-AC I spliceosome
assembled in vitro with P120 pre-mRNA and shown to
function in a manner analogous to that of U4 and U6

in the conventional spliceosome (Tarn & Steitz, 1996b;
reviewed in Nilsen, 1996). Although the basal splicing
of a sodium channel AT-AC I intron does not require
Ul snRNA in vitro, a strong enhancement of AT-AC I
splicing can result from exon-definition interactions
between the AT-AC I spliceosome and U1 snRNP bound
at a downstream, conventional 5’ splice site (Wu &
Krainer, 1996).

An AT-AC I intron is present in several members of
the voltage-gated sodium and calcium channel family
(Table 1). Intron 2 of human SCN4A, the skeletal mus-
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cle sodium channel « subunit (McClatchey et al., 1992;
George et al., 1993) and intron 2 of its rat homologue
(George et al., 1993), intron 2 of mouse SCN8A, the
brain and spinal cord sodium channel «a subunit (Kohr-
man et al., 1996), intron 3 of human SCN5A, the car-
diac muscle sodium channel  subunit (Wang et al.,
1996), and intron 1 of human CACNL1A4, a calcium
channel & subunit (Ophoff et al., 1996), all belong to
the AT-AC I subclass. In addition to the AT-AC I in-
trons listed here, the published 5’ splice site sequence
of intron 2 of human CACNL1A1, the fibroblast vol-
tage-gated L-type calcium channel a subunit, pre-
cisely matches the AT-AC I consensus (Soldatov, 1994),
whereas the 5’ splice site of intron 1 in two other cal-
cium channel a subunits, CACNL1A2 (Yamada et al.,
1995) and CACNL1A3 (Hogan et al., 1996), is reported
to begin with GTATCCTT (rather than ATATCCTT);
however, all three calcium channel introns reportedly
end with the conventional AG 3’ splice site. The so-
dium channel family and calcium channel family genes
are derived from a common ancestral gene and belong
to the voltage-gated ion channel superfamily (Koester,
1991; Goldin, 1995); they have considerable nucleo-
tide and amino acid sequence homology, and the un-
usual intron interrupts a homologous position of the
coding sequence in all seven genes; moreover, all seven
introns have the AT-AC I presumptive branch site
consensus element (TCCTTRAC). Although the pre-
cise nucleotide sequence at the 5’ and 3’ splice sites
should be re-confirmed in light of the discovery of
bona fide AT-AC introns, we suspect that these un-

TABLE 2. Compilation of known AT-AC II introns.?

Q. Wu and A.R. Krainer

usual introns may be AT-AC I introns, and predict that
similar AT-AC I introns will also be found at the cor-
responding position of other voltage-gated sodium and
calcium channel a-subunit genes.

Previously, we proposed that intron 25 of the human
SCNb5A gene and intron 21 of the human SCN4A gene
might belong to a distinct subclass of AT-AC introns
(Wu & Krainer, 1996). This hypothesis was based on
the fact that, although each of these introns begins
with 5'-AT, the rest of the 5’ splice site does not match
the highly conserved AT-AC I consensus sequence,
ATATCCTY (George et al., 1993; Wang et al., 1996).
Moreover, intron 21 of SCN4A lacks the highly con-
served branch site sequence present in other AT-AC I
introns, TCCTTRAC, in which the underlined A is
presumed to be the branch nucleotide, as was shown
to be the case for the P120 AT-AC I intron (Tarn &
Steitz, 1996a). Likewise, intron 25 of the SCN5A gene
lacks a conserved AT-AC I branch consensus (Table 2
and data not shown). These two introns interrupt a
homologous position of the sequence of two members
of the voltage-gated sodium channel family, and hence
similar AT-AC II introns may be present in other mem-
bers of the sodium channel gene family. Interestingly,
an AT-AC Il intron and an AT-AC I intron coexist with
multiple conventional GT-AG introns in the SCN4A
and SCN5A sodium channel genes. Mutations in the
cardiac SCNSA gene are responsible for the cardiovas-
cular long-QT syndrome (Wang et al., 1995), whereas
mutations in the skeletal muscle SCN4A gene cause
hyperkalemic periodic paralysis and paramyotonia con-

Species Gene INron 5 gpice site Putative 3 gijice site Size
number branch site (nt)
Human SCN4A 21 AcG tcaaclddgtle-ccactatils |TT 822
Human SCN5A 25 Aac ggcctladgtlg-tctttgels |TT 680
P. chrysogenum xylP 7 GG actagddaclaagcctctelle |AG 50
A. nidulans xInC 8 GG tcacalddgtldaaccccaalle (AG 52
A. tubingensis  xInC 7 GG gataglgdgtledlagccccttEle |AG 52,
AT-AC I consensus RG rm ym
GT-AG consensus AG|gtaagt ynytray y,,nyag |GT
AT-ACI consensus dtaicecty tccttrac yvac

*SCN4A: voltage-gated skeletal muscle (type IV) sodium channel a subunit (George et al., 1993; size determined
from our unpublished sequencing data); SCN5A: voltage-gated cardiac sodium channel « subunit (Wang et al., 1996;
size determined from our unpublished sequencing data); xylP: xylanase gene from P. chrysogenum (Haas et al., 1993);
XInC: genes encoding the 34-kDa xylanase in A. nidulans (MacCabe et al., 1996) or A. tubingensis (D. Ramon, pers.
comm.). Intron sequences are shown in lower case, flanking exon sequences in upper case, invariant intron sequence
elements in white letters on black background, and less conserved sequences in black letters on grey background.
Dots indicate sequences that are either not shown or not known; the dash in the first two sequences denotes a stretch
of sequence that is not shown. The consensus sequence is shown at the bottom, with the GT-AG and AT-AC I
consensus sequences shown for comparison. Underlined adenosines indicate the branch points; r = purine; y =

pyrimidine.
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genita (Plassart et al., 1994; Hoffman, 1995). One of the
introns present in each of three homologous xylanase
genes from filamentous fungi also appears to be an
AT-AC 1I intron (Table 2) (Haas et al., 1993; MacCabe
et al., 1996; D. Ramon, pers. comm.).

In the present study, we cloned portions of the hu-
man SCN4A and SCN5A genes spanning the AT-AC II
introns 21 and 25, respectively, and their flanking exons,
and established conditions for splicing the correspond-
ing transcripts in vitro. Using oligonucleotide-directed
RNase H cleavage or annealing of complementary 2'-
O-methyl oligonucleotides to inhibit the activity of
major and minor U snRNPs, we have compared the
snRNA requirements for splicing of AT-AC II introns
to those for splicing of AT-AC I and conventional
GT-AG introns.

hours
Q [Z5]
&y
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RESULTS

Splicing of SCN5A AT-AC Il intron 25
pre-mRNA in Hela cell nuclear extract

An AT-AC 1I intron splicing substrate derived from
the SCN5A gene was constructed from intron 25 and
both flanking exons, followed by 6 nt of the down-
stream intron (Fig. 1). The downstream conventional
5' splice site was included because of potential exon-
definition interactions that might improve splicing
efficiency (reviewed in Berget, 1995). The SCN5A pre-
mRNA was spliced with moderate efficiency in the
nuclear extract (Fig. 1A). A lariat intron 25-exon 26
intermediate and a released intron lariat were gener-
ated and migrated above the pre-mRNA, due to their

FIGURE 1. In vitro splicing of SCN5SA AT-AC II intron 25. A: Time
course of in vitro splicing of the SCN5A pre-mRNA in HeLa cell
nuclear extract. Capped, in vitro-transcribed, 3?P-labeled SCN5A
pre-mRNA was incubated under optimized splicing conditions for
the indicated times and analyzed by urea-PAGE and autoradiogra-
phy. Splicing efficiency did not improve beyond 5 h (data not shown).
The structures and electrophoretic mobilities of the substrate, inter-
mediates, and products are ipdicated on the right. B: Schematic
structure of the SCN5A pre-mRNA substrate, showing the nucleo-
tide sequence surrounding the exon-intron boundaries. The exon
and intron sizes in nucleotides are indicated at the top. Exon se-
quences are in upper case, intron sequences are in lower case, con-
served sequence elements are underlined, and the putative
branchpoint adenosine is indicated by a dot. The actual 5’ and 3’
splice sites, determined by sequencing of RT-PCR products of in
vitro splicing, are indicated by solid arrows.

[P
B 138 105
680 6
Exon 25 Exon 26 B
[ ]
AAAGauacqugg - . - ggccucugagaaccccagaaugagguuggugccuucucuuugcacUUAGGG

t
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nonlinear nature. The nucleotide sequence of the gel-
purified spliced mRNA was determined by reverse
transcription-PCR (RT-PCR), and showed unambigu-
ously that splicing was accurate and that cleavage oc-
curred immediately 5 to the AU and 3’ to the AC
dinucleotides at the splice sites (Fig. 1B).

Essentially identical results were obtained with a pre-
mRNA comprising the closely related intron 21 and
flanking exons from the SCN4A gene (data not shown).
For both of these introns, a GU dinucleotide is present
four bases downstream of the AU 5’ splice site, and an
AG dinucleotide is present four bases downstream of
the AC 3’ splice site. However, none of several RT-PCR
products that were sequenced represented splicing via
these GU-AG sites. In vitro splicing via the AU-AC
splice sites is fully consistent with the sequences of
cloned SCN5A and SCN4A cDNAs (George et al., 1993;
Wang et al., 1996).

Q. Wu and A.R. Krainer

Role of U2 and U12 snRNAs in splicing of
AT-AC Il versus AT-AC | introns

Oligonucleotide-directed RNase H cleavage has been
used to test the involvement of Ul, U2, U4, and U6
snRNAs in the GT-AG splicing pathway (Kramer et al.,
1984; Black et al., 1985; Krainer & Maniatis, 1985; Berget
& Robberson, 1986; Black & Steitz, 1986), as well as the
requirement for U12 snRNA (Wu & Krainer, 1996) and
U4atac snRNA (Tarn & Steitz, 1996b) in the AT-AC I in-
tron splicing pathway. In this study, we first used
oligonucleotide-directed RNase H cleavage to test the
requirement for U2 and U12 snRNAs in AT-AC Il intron
splicing. When these snRNAs were cleaved by RNase
H and complementary oligonucleotides, striking differ-
ences were observed in the behavior of the SCN5A sub-
strate with an AT-AC II intron and the SCN4A control
substrate with an AT-AC I intron (Fig. 2). With the

SCN4A SCN5A
| Bl ]
OLIGOS: - u2 u12 - U2 ui2
= ===

121—{3ka' S

B . S—
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FIGURE 2. U2 snRNA is required for SCN5A AT-AC II intron splicing. U2 or U12 snRNPs were inactivated by cleavage
of their snRNA moieties with RNase H in the presence of complementary oligonucleotides. The nuclear extract
was pre-incubated for 15 min in the absence of oligonucleotides (lanes 1, 8) or in the presence of a U2-specific oligonu-
cleotide (lanes 2-4, 9-11) or a Ul2-specific oligonucleotide (lanes 5-7, 12-14). The oligonucleotide concentration was
0.25 uM (lanes 2, 5, 9, 12), 1.05 uM (lanes 3, 6, 10, 13), or 4.2 uM (lanes 4, 7, 11, 14). SCN4A pre-mRNA with the AT-AC I
intron 2 (lanes 1-7) or SCN5A pre-mRNA with the AT-AC Il intron 25 (lanes 8-14) was added to the pre-incubated extracts
and further incubated for 6 or 5 h, respectively. The pre-mRNAs and spliced products are indicated on each side. The
aberrant mRINA resulting from use of cryptic splice sites in the SCN4A pre-mRNA (Wu & Krainer, 1996) is indicated by

an asterisk.
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SCN5A pre-mRNA (lanes 8-14), the U2-specific oligo-
nucleotide inhibited splicing completely (compare
lanes 9-11 with 8), whereas the U12-specific oligonu-
cleotide had no effect (lanes 12-14). In contrast, with
the control SCN4A pre-mRNA (lanes 1-7), as described
previously (Wu & Krainer, 1996), the U12 oligonucle-
otide inhibited splicing completely (lanes 5-7), whereas
the U2 oligonucleotide had no effect (lanes 2-4). U2
and U12 oligonucleotides also had opposite effects on
splicing via GT-AG cryptic splice sites in the SCN4A
pre-mRNA, which were the reciprocal of the effects on
splicing via the AT-AC I splice sites, as expected (Wu
& Krainer, 1996). We conclude that U2 snRNA, rather
than U12 snRNA, is required for splicing of the SCN5A
AT-AC II intron 25.

SCN4A

591

Udatac and U6atac snRNAs are required for
SCN4A AT-AC | intron 2 splicing but not for
SCN5A AT-AC Il intron 25 splicing

The U4atac and U6atac minor snRNAs were identified
recently, sequenced, and shown to be required for splic-
ing of the P120 AT-AC I intron in vitro (Tarn & Steitz,
1996b). We tested the requirement for these snRNAs
in SCN4A AT-AC I intron 2 splicing by RNase H
cleavage, and confirmed that disruption of these
snRNAs inhibits processing of an AT-AC I intron, but
not of the intron defined by cryptic GT-AG splice sites
(Fig. 3, lanes 2-5). In contrast, disruption of U4atac
and Usbatac snRNAs did not inhibit splicing of the
SCNS5A AT-AC II intron 25 splicing (lanes 7-10). We

SCN5A

U6atac
' ' Bu4atac
i : U6atac

U4atac

OLIGOS:
] ]
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FIGURE 3. Udatac and Ubatac snRNAs are required for SCN4A AT-AC I intron splicing but not for SCN5A AT-AC 1I
intron splicing. U4atac and Ubatac were cleaved by endogenous RNase H in the presence of complementary oligonucle-
otides. The nuclear extract was pre-incubated for 15 min in the absence (lanes 1, 6) or presence of a Udatac-specific
oligonucleotide (lanes 2, 3, 7, 8) or a Uséatac-specific oligonucleotide (lanes 4, 5, 9, 10). The oligonucleotide concentration
was 0.25 uM (lanes 2, 4, 7, 9) or 1.05 uM (lanes 3, 5, 8, 10). SCN4A pre-mRNA with the AT-AC I intron 2 (lanes 1-5) or
SCNS5A pre-mRNA with the AT-AC Il intron 25 (lanes 6-10) was added and further incubated for 6 or 5 h, respectively. The
pre-mRNAs and spliced products are indicated on each side.
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conclude that U4atac and U6atac snRNAs are required
for splicing of SCN4A AT-AC I intron 2 splicing, but
not for SCNSA AT-AC II intron 25 splicing.

U4 and U6 snRNAs are required for SCN5A
AT-AC il intron 25 splicing

Because Udatac and Ubatac snRNAs are not required
for SCNSA intron 25 splicing, we tested whether this
reaction depends on U4 and U6 snRNAs. U4atac and
Ubatac snRNAs are thought to play analogous roles in
the AT-AC I spliceosome to those of U4 and U6 snRNAs
in the GT-AG spliceosome (Nilsen, 1996; Tarn & Steitz,
1996b). Oligonucleotide-directed RNase H cleavage of
U4 and U6 snRNAs resulted in inhibition of SCN5A
intron 25 splicing (Fig. 4, lanes 6-10). As expected,
cleavage of these snRNAs had no effect on the control
SCN4A intron 2 reaction, but did inhibit conventional

SCN4A

Q. Wu and A.R. Krainer

splicing via the cryptic GT-AG splice sites (lanes 1-5).
We conclude that U4 and U6 snRNAs are required for
splicing of the SCN5A AT-AC II intron 25.

U1 snRNA requirement for AT-AC Il
intron splicing

The U1l snRNA requirement for the basal AT-AC II in-
tron splicing reaction cannot be tested directly with the
above SCN5A intron 25 substrate, because of the pres-
ence of the downstream conventional 5’ splice site,
which may bind U1 snRNA, resulting in exon-definition
interactions that stimulate splicing of the preceding in-
tron (Robberson et al., 1990; Kuo et al., 1991; Wu &
Krainer, 1996). Therefore, we constructed a shorter
substrate, designated SCN5AS, lacking the downstream
5" splice site. The SCN5AS pre-mRNA was spliced
accurately in the nuclear extract, albeit with reduced

SCN5A
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FIGURE 4. U4 and U6 snRNAs are required for SCN5A AT-AC II intron splicing. U4 and U6 snRNAs were inactivated by
RNase H and complementary oligonucleotides. The nuclear extract was pre-incubated for 15 min in the absence (lanes 1,
6) or presence of U4-specific (lanes 2, 3, 7, 8) or Ué-specific (lanes 4, 5, 9, 10) oligonucleotides. The oligonucleotide
concentration was 0.25 uM (lanes 2, 4, 7, 9) or 4.2 uM (lanes 3, 5, 8, 10). SCN4A pre-mRNA with the AT-AC I intron 2
(lanes 1-5) or SCN5A pre-mRNA with the AT-AC II intron 25 (lanes 6-10) was added and further incubated for 6 or 5 h,
respectively. The pre-mRNAs and spliced products are indicated on each side.
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efficiency compared to the SCN5A pre-mRNA
(Fig. 5A). The reduced efficiency likely reflects the loss
of stimulatory exon-definition interactions between
components bound at the 3’ splice site of the AT-AC II
intron 25 and U1 snRNP bound at the 5’ splice site of
the GT-AG intron 26. When U1 snRNA was cleaved by
RNase H in the presence of a complementary oligonu-
cleotide, SCN5AS splicing was inhibited partially, ap-
parently in the second step (Fig. 5B, compare lanes 6-8
to lane 5). As a control, we analyzed an SCN4A pre-
mRNA (SCN4AS) comprising the AT-AC I intron 2, but
lacking the downstream 5’ splice site of the GT-AG in-
tron 3. Splicing of the SCN4AS pre-mRNA was en-
hanced upon cleavage of Ul snRNA, whereas splicing
via the cryptic GT-AG splice sites was inhibited (com-
pare lanes 2-4 to lane 1). Basal AT-AC I splicing is U1
independent (Wu & Krainer, 1996), and the observed
stimulation upon U1 cleavage (Tarn & Steitz, 1996a)
probably reflects inhibition of the competing cryptic
GT-AG pathway. Incomplete inhibition of the AT-AC II
reaction upon Ul cleavage may be due to technical rea-
sons, i.e., residual intact U1 (Black et al., 1985; Krainer
& Maniatis, 1985), to partial activity by cleaved Ul
snRNA (Seiwert & Steitz, 1993), and/or to Ul-inde-
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pendent splicing (Crispino et al., 1994; Tarn & Steitz,
1994). With the SCN5A pre-mRNA, U1 cleavage re-
sulted in more severe inhibition of splicing than with
the SCN5AS pre-mRNA (data not shown), suggesting
that at least two molecules of U1 snRNP are involved
in this reaction, one for binding to the 5’ splice site of
the AT-AC II intron 25, and one to the 5’ splice site of
the GT-AG intron 26.

The exon definition model proposed that, in
pre-mRNAs with large introns, i.e., most vertebrate
introns, spliceosome assembly initially involves recog-
nition of pairs of splice sites flanking each small exon;
subsequently, the neighboring exons are juxtaposed
for splicing catalysis (Berget, 1995). When introns are
small, such as in yeast (Guthrie, 1991) and Drosophila
(Mount et al., 1992), spliceosome assembly proceeds
by intron definition, i.e., the 5" and 3’ splice sites from
the same intron are recognized and brought together
(Talerico & Berget, 1994). The above experiments show
that splicing of the SCN5A AT-AC II intron, which is
680-nt long, can occur by means of both intron and
exon definition. The basal AT-AC 1I splicing reaction,
in the absence of a downstream 5’ splice site, must
occur via intron definition; however, this reaction was

SCN4AS

SCN5AS

- 51T
2 3eraathRgi-olhg

FIGURE 5. A: Exon definition interaction between an AT-AC Il intron and the downstream GT-AG intron. Equal amounts
of SCN5AS (lane 1) or SCN5A (lane 2) pre-mRNAs with the AT-AC II intron 25 were spliced in vitro for 5 h. The pre-mRNA
substrates and the spliced mRNA products are indicated schematically on each side. The SCN5AS pre-mRNA lacks the
downstream intron 26 5’ splice site (6 nt) present in the SCN5A pre-mRNA. B: U1 snRNA is involved in SCN5AS AT-AC II
intron splicing. Nuclear extract was pre-incubated for 15 min in the absence (lanes 1, 5) or presence (lanes 2-4, 6-8) of a
Ul-specific oligonucleotide. The oligonucleotide concentration was 0.25 #M (lanes 2, 6), 1.05 uM (lanes 3, 7) or 4.2 uM
(lanes 4, 8). SCN4AS pre-mRNA with the AT-AC I intron 2 (lanes 1-4) or SCN5AS pre-mRNA with the AT-AC II intron 25
(lanes 5-8) was added and further incubated for 6 or 5 h, respectively.
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stimulated strongly by intact Ul snRNA and a down-
stream GT-AG 5’ splice site, presumably through exon
definition bridging interactions involving Ul and U2
snRNPs, SR proteins, and U2AF (Kuo et al., 1991; Hoff-
man & Grabowski, 1992; Wu & Maniatis, 1993).

U5 is required for splicing of SCN4A AT-AC |
intron 2 and SCN5A AT-AC Il intron 25

The role of U1l and U5 snRNAs in the AT-AC I and
AT-AC I splicing pathways could not be examined by
the oligonucleotide-directed RNase H cleavage ap-
proach, because these snRNAs are resistant to cleav-
age within the native snRNP particles (Montzka &
Steitz, 1988; Black & Pinto, 1989). Instead, we used the
alternative approach of inhibiting the activity of these
snRNPs by annealing 2'-O-methyl oligonucleotides,
which bind tightly to complementary RNAs and do
not confer sensitivity to RNase H (Inoue et al., 1987;
Blencowe et al., 1989). This approach has been used
recently to demonstrate U12, U5, and Uéatac snRINA
involvement in AT-AC I intron splicing (Tarn & Steitz,

SCN4A
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1996a, 1996b). Incubation with a U5-specific 2'-O-
methyl oligonucleotide inhibited splicing of both
SCN4A and SCN5A pre-mRNAs (Fig. 6). As expected,
it also inhibited splicing via the cryptic GT-AG splice
sites in the SCN4A pre-mRNA. With the SCNSA pre-
mRNA, the second step of splicing appeared to be
inhibited preferentially, resulting in accumulation of
the intermediates (lane 7). U5 snRNP is known to be
involved in both steps of the conventional GT-AG in-
tron splicing pathway (Newman & Norman, 1992), and
in at least the first step of the AT-AC I intron splicing
pathway (Tarn & Steitz, 1996a). The inhibition we ob-
served by debilitation of U5 snRNP appears to be spe-
cific, because a control 2'-O-methyl oligonucleotide,
assayed under identical conditions, had no effect on
splicing of either GT-AG, AT-AC, or AT-AC Il introns
(data not shown). We conducted similar experiments
with a Ull-specific 2'-O-methyl oligonucleotide and
observed inhibition of both SCN4A and SCN5A pre-
mRNA splicing (data not shown). However, although
the SCN4A inhibition data are consistent with the pro-
posal that Ull snRNA is involved in AT-AC I intron
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FIGURE 6. AT-AC Iintron splicing and AT-AC II intron splicing require U5 snRNA. Nuclear extract was pre-treated in the
absence (lanes 1, 5) or presence (lanes 2-4, 6-8) of U5-specific 2'-O-methyl oligonucleotide at a concentration of 0.25 uM
(lanes 2, 6), 1.05 uM (lanes 3, 7), or 4.2 uM (lanes 4, 8) under splicing conditions for 10 min. SCN4A pre-mRNA with the
AT-AC Lintron 2 (lanes 1-4) or SCN5A pre-mRNA with the AT-AC IT intron 25 (lanes 5-8) was added and further incubated
for 6 or 5 h, respectively. Pre-mRNAs and spliced mRNAs are indicated schematically on each side.


http://rnajournal.cshlp.org/
http://rnajournal.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on December 11, 2013 - Published by Cold Spring Harbor Laboratory Press

A divergent subclass of AT-AC introns

splicing (Hall & Padgett, 1994; Tarn & Steitz, 1996a),
we observed comparable inhibition of 8-globin GT-AG
intron 1 splicing in the same range of oligonucleotide
concentration (data not shown). Ull snRNA is not
known to be involved in the conventional GT-AG
splicing pathway, so perhaps the oligonucleotides for-
tuitously bound to, and inactivated, another compo-
nent required for splicing. Additional experiments will
be required to understand the role of Ull in these
splicing pathways.

DISCUSSION

Two functionally distinct subclasses
of noncanonical AT-AC introns

Not all introns that begin with AT and end with AC
have the same sequence features at the splice sites and
presumptive branch site (Wu & Krainer, 1996). Intron
21 of SCN4A and intron 25 of SCN5A, which
interrupt homologous positions of these sodium chan-
nel genes, are distinct from other AT-AC introns in that
the sequences at their 5’ splice sites and branch sites
diverge considerably from those of other AT-AC in-
trons. We refer to these divergent introns as AT-AC II
introns, and to those that have the conserved elements
as AT-AC [ introns. We cloned portions of these two
genes spanning the downstream AT-AC II introns and
flanking exons, and determined or confirmed their nu-
cleotide sequences. Pre-mRNAs transcribed in vitro
from these minigenes were spliced accurately in a
HeLa cell nuclear extract. To our knowledge, this is the
first in vitro system for splicing of naturally occurring
AT-AC 1I introns. Splicing of the short substrate
SCN5AS, which lacks the 5’ splice site from the down-
stream GT-AG intron 26, had a similar requirement as
that of the SCNSA substrate for U1, U2, U4, U6, and
U5 snRNAs, and lack of a requirement for U12, U4atac,
and U6atac snRNAs (data not shown). Likewise, the
two substrates containing intron 21 of SCN4A with or
without the 5’ splice site of intron 22 had the same
splicing and inhibition profiles as the pre-mRNAs with

P. chr GGataagtaccctcttgctecttgaccgaataac tage
A. nid GGataagttttttccgecccttggatgcactgecgtcacac
A. tub GGataagtaccccctceccectttatccaac ‘
A. kaw GGAgtaagtaccccctccccgttattcaac
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intron 25 of SCN5A (data not shown). Thus, these two-
closely related AT-AC II introns are functionally dis-
tinct from AT-AC I introns.

The two human AT-AC II introns known to date
interrupt the same position of the coding sequence of
two paralogous members of the sodium channel gene
family, SCN4A and SCN5A, which remarkably also
have an AT-AC I intron and multiple conventional
GT-AG introns. Similar AT-AC II introns are expected
to exist in other members of this gene family, whose
genomic structures are still unknown. Three members
of a subfamily of xylanase genes from filamentous fungi
also have what appears to be an AT-AC II intron
(Table 2; Fig. 7). Intron 7 of xylP in Penicillium chrysoge-
num (Haas et al., 1993), intron 8 of xInC in Aspergillus
nidulans (MacCabe et al., 1996), and intron 7 of xInC in
Aspergillus tubingensis (D. Ramoén, pers. comm.) have
5-AT and 3'-AC splice sites. However, they lack the
conserved ATCCT sequence from position +3 to +7 of
the 5’ splice site. All three introns have putative branch
site sequences (Table 2) with complementarity to the
U2 snRNA sequences that function in recognition of
GT-AG intron branch sites (Parker et al., 1987). The 5’
splice sites of these fungal introns match precisely the
metazoan GT-AG consensus 5 splice site, AGgtaagt,
from +2 to +6 and at —1; the budding yeast 5" splice
site consensus differs only at +4, which is generally a
uridine. We note that intron 7 of xylP also has the
sequence TCCTTGAC, which matches precisely the con-
served AT-AC I branch site element (Fig. 7). However,
the homologous introns from the two other species
lack this sequence. Because all three genes are mem-
bers of the xylanase family and the AT-AC II intron
interrupts homologous positions of the coding se-
quence, they are expected to be processed by a similar
pathway. The corresponding intron 7 from the homol-
ogous xynA gene in the filamentous fungus Aspergillus
kawachii was reported to have conventional GT-AG
splice sites (Ito et al., 1992); in light of the close simi-
larity of the xylanase sequences among all four spe-
cies, we believe that the A. kawachii sequence should
be confirmed to rule out sequencing errors. Because
filamentous fungal genera appear to share a common

agcctctcacAG
aaccccaaacAG
agccccttacAG
agccccttacagGC

FIGURE 7. Sequence alignment of homologous xylanase introns from four filamentous fungi. P. chrysogenum xylP gene
intron 7 (P. chr) (Haas et al., 1993); A. nidulans xInC gene intron 8 (A. nid) (MacCabe et al., 1996); A. tubingensis xInC gene
intron 7 (A. tub) (J. Catalan, J.A. Pérez-Gonzalez, & D. Ramén, unpubl. results); A. kawachii xynA gene intron 7 (A. kaw)
(Ito et al., 1992). Exon sequences are shown in upper case and intron sequences in lower case. Putative branch sites that
fit the CTRAC consensus are indicated by shading. The bold and underlined octamer in the top sequence indicates a
perfect match to the AT-AC I branch site consensus (Table 1). At least the top three introns appear to be of the AT-AC II

subclass.
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splicing mechanism (Gurr et al., 1987), it will be inter-
esting to see whether Schizosaccharomyces pombe also
has AT-AC II introns. Whether AT-AC I or AT-AC 1II
introns exist in Saccharomyces cerevisige will be known
soon, as annotation of its complete genome sequence
(Goffeau et al., 1996) is conducted.

Comparison between AT-AC
and GT-AG spliceosomes

Splicing of GT-AG and AT-AC I introns involves sim-
ilar two-step trans-esterification reactions, assembly
of spliceosomal complexes, and the generation of lar-
iat intermediates (Tarn & Steitz, 1996a). The recogni-
tion of the critical sites on the respective pre-mRNAs
involves distinct sets of snRNAs, but appears to in-
volve analogous base pairing interactions (reviewed
in Nilsen, 1996). Thus, U12 snRNA base pairs to the
AT-AC I intron branch site element, whereas U2
snRNA performs this role in GT-AG spliceosomes
(Hall & Padgett, 1996, Tarn & Steitz, 1996a); U1l
snRNA is present in the AT-AC I spliceosome (Tarn
& Steitz, 1996a) and has been proposed to base pair
to the 5' splice site, a role performed by Ul snRNA
in the GT-AG spliceosome (Hall & Padgett, 1994).
U12 and a fraction of Ull form a di-snRNP particle
(Wassarman & Steitz, 1992), and likewise, interactions
between a small fraction of U2 and Ul snRNPs have
been detected in Xenopus (Mattaj et al., 1986). Two
novel snRNAs, Udatac and Us6atac, are part of a di-
snRNP particle and show some sequence similarity
to U4 and U6 snRNAs, which are also present in a
di-snRNP particle (Tarn & Steitz, 1996b). The U5
snRNA appears to be shared between AT-AC I and
GT-AG pathways (Fig. 6; Tarn & Steitz, 1996a); how-
ever, at least seven closely related U5 snRNA vari-
ants have been identified (Sontheimer & Steitz, 1992),
and it is not known whether specific variants func-
tion in each pathway. A triple snRNP particle involv-
ing Udatac, Ubatac, and U5 snRNAs—by analogy to
the U4/U6-U5 tri-snRNP—has not been described
yet. It remains possible that there are introns that are
spliced by hybrid pathways, involving combinations
of snRNA and/or protein factors from the GT-AG
and AT-AC I pathways.

Splicing of the two AT-AC II introns we studied ap-
pears to be at least partially dependent on the 5" end of
U1l snRNA, even in the absence of a downstream con-
ventional 5’ splice site. The simplest interpretation of
this result is that the 5’ end of Ul is involved in the
recognition of AT-AC II 5" splice sites. The SCN4A
intron 21 and SCN5A intron 25 5’ splice sites have
good complementarity to the 5° end of Ul snRNA,
except that position 1, which usually base pairs with
Cg of Ul, is an A instead of a G. On the other hand,
AT-AC 1I introns may be more strongly dependent on
U6 snRNA than on Ul snRNA for recognition and/or

Q. Wu and A.R. Krainer

proofreading of the 5’ splice site (Kandels-Lewis &
Séraphin, 1993; Lesser & Guthrie, 1993; Sontheimer &
Steitz, 1993; Tarn & Steitz, 1994; Crispino & Sharp, 1995).
Positions 2, 5, and 6 of the 5 splice sites of SCN4A in-
tron 21 and SCN5A intron 25 have good complemen-
tarity to Ay, Cyo, and Ay, respectively, within the highly
conserved ACAGAG box of U6 snRNA (Sun & Manley,
1995; Hwang & Cohen, 1996). Another possibility is that
U1l snRNA may be involved in recognition of AT-
AC II 5’ splice sites; residues 8-13 of Ull are comple-
mentary at five of six or four of six positions to the 5'
splice sites of SCN4A intron 21 and SCN5A intron 25,
respectively. Our 2’'-O-methyl oligonucleotide inhibi-
tion data are consistent with, but do not prove, this pos-
sibility. These scenarios are not mutually exclusive: each
of these three snRNAs could conceivably recognize the
AT-ACII5' splice site in a sequential fashion, as a proof-
reading mechanism.

Intron 21 of SCN4A and intron 25 of SCN5A have pre-
sumptive branch site elements that conform to the weak
consensus for GT-AG intron branches, YNYTRAY, at six
of seven positions. The distance between the presump-
tive branch adenosine and the 3’ splice site of these in-
tronsis 21 and 37 nt, respectively. This distance is within
the norm for GT-AG introns, whereas AT-AC I branch
sites, which are highly conserved, are usually closer to
the 3’ splice site (9-13 nt, Table 1). The SCN4A and
SCN5A AT-AC II introns have runs of pyrimidines up-
stream of their 3’ splice sites, a feature of most GT-AG
introns, but not of AT-AC I introns. The highly con-
served AT-AC I branch site, TCCTTRAY, matches the
loose metazoan GT-AG consensus branch.

Our results show that processing of AT-AC Il introns
and GT-AG introns requires the same set of snRNAs.
This observation is consistent with previous in vivo
second-site suppression experiments, which showed
that, in at least some conventional GT-AG introns, G to
A mutation at the first position and G to C mutation at
the last position suppress each other, both in yeast
(Parker & Siliciano, 1993; Chanfreau et al., 1994) and
human (Deirdre et al., 1995). However, because splice-
osomes contain numerous proteins that are still not
completed defined, we cannot conclude at the
present time that the splicing mechanism of GT-AG
and AT-AC II introns is identical in all respects. More-
over, very few natural AT-AC II introns are known so
far. The fungal xylanase AT-AC introns are tentatively
assigned to the AT-AC II subclass on the basis of their
sequence, although it remains possible that their splic-
ing requires minor snRNAs. Because AT-AC I introns
have not been described in fungi, we do not know if
they exist and, if so, whether their splice site and branch
sequence elements are identical to those of metazoans.
Although additional AT-AC II introns will undoubt-
edly be identified, this type of intron appears to be-
long to a rare subclass, even less common than AT-
AC I introns.


http://rnajournal.cshlp.org/
http://rnajournal.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on December 11, 2013 - Published by Cold Spring Harbor Laboratory Press

A divergent subclass of AT-AC introns

Is there a direct non-Watson—Crick interaction
between the intron ends?

Almost all naturally occurring introns have 5" splice
site GT and 3’ splice site AG boundaries. The impor-
tance of the intron ends is underscored by the numer-
ous genetic diseases caused by splice site mutations
(Krawczak et al., 1992; Nakai & Sakamoto, 1994).
Through mutational analysis of intron ends, it has been
observed that G — A and G — C mutations at the first
and last positions, respectively, of several GT-AG in-
trons suppress each other to restore splicing. This type
of result has been interpreted to suggest non-Watson-
Crick base pairing between the first and last bases of
the intron (Parker & Siliciano, 1993; Chanfreau et al.,
1994; Deirdre et al., 1995). Because the individual
mutations allow the first step of splicing, this inter-
action is presumed to occur after formation of the lariat-
exon intermediate. The first nucleotide of the intron is
covalently joined to the branchpoint A via a 2'-5" phos-
phodiester linkage, but this would still allow for hy-
drogen bonding between the first and last bases, by
looping out the usually short segment of RNA be-
tween the branchpoint and the 3" splice site. This pre-
sumptive interaction might serve as a proofreading
step. Alternative interpretations of the suppression data
are that the first and last nucleotides are recognized by
separate but synergistic factors, or that certain combi-
nations of nucleotides at these positions are sterically
excluded through proofreading steps (Luukkonen &
Séraphin, 1997). The discovery of natural AT-AC in-
trons suggested yet another explanation for the origi-
nal suppression experiments: mutation of the first and
last bases could theoretically have resulted in a shift
from the conventional to the AT-AC splicing pathway.
This possibility was perhaps unlikely, because of the
conservation of the unique 5’ splice site and branch
site elements of AT-AC I introns, but it could not be
discounted a priori. Our observations with naturally
occurring AT-AC II introns, which resemble GT-AG
introns except for the first and last bases, show that
these substrates utilize the major spliceosomal snRNAs,
rather than the minor AT-AC snRNAs. Therefore, the
same is likely to be the case for the double-mutant
GT-AG introns.

Evolutionary origin of AT-AC introns

To date, AT-AC I introns have been found in metazoa
and in plants (Table 1). AT-AC II introns appear to be
present in filamentous fungi, as well as in vertebrates
(Table 2). Therefore, both kinds of introns are likely to
be distributed widely among metazoa and fungi, and
perhaps through the entire eukaryotic lineage. The two
examples of AT-AC intron sequences found in plant
genomes are likely of the AT-AC I type, based on the
conservation of the 5’ splice site and presumptive
branch site sequences. If this is indeed the case, it ap-
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pears that AT-AC I introns arose more than a billion
years ago (Wu et al., 1996). At the present time, it is not
certain that the two described Arabidopsis introns are
bona fide AT-AC I introns: the AtG5 intron ends with
AA, rather than AC, and it has a divergent presump-
tive branch site sequence; the ArLIM15 intron, as de-
fined by Wu et al. (1996), strikingly has all the sequence
features of an AT-AC I intron, but the splice junctions
indicated in the original sequence (Sato et al., 1995) are
different. The assignment of splice sites by Wu et al.
(1996) is supported by alignment of the proposed cod-
ing sequences with other recA-like proteins (Sato et al.,
1995). At the very least, because AT-AC I introns are
found at the homologous position in genes of the
voltage-gated sodium and calcium channel a-subunit
superfamily, their existence predates the divergence of
the sodium and calcium channel genes about 700 mil-
lion years ago (Hille, 1992). There is no intron at the
corresponding position of the Drosophila sodium chan-
nel a-subunit gene para (George et al., 1993). Voltage-
gated sodium and calcium channels have four internal
homologous domains that are thought to arise from
two rounds of duplication from a single ancestral gene
(Koester, 1991; Hille, 1992; Goldin, 1995). Although
voltage-gated sodium channel genes have an AT-AC II
intron between internal domains 3 and 4, the calcium
channel genes do not have any introns at the homol-
ogous position. The AT-AC I intron of the sodium and
calcium channel genes is found within domain 1. Se-
quence alignment of these domains shows that the
two AT-AC introns are not located at the same position
within each duplicated domain; moreover, no introns
are present at the corresponding positions of the other
two duplicated domains (data not shown). These ob-
servations suggest that the AT-AC I and AT-AC II in-
trons in the ion channel genes arose independently.
The recent discovery of AT-AC pre-mRNA introns
raises the question of their evolutionary relationship
with conventional GT-AG pre-mRNA introns. There has
been speculation that AT-AC I introns and the minor
snRNAs involved in their processing represent a mo-
lecular fossil (Mount, 1996). AT-AC II introns may rep-
resent an intermediate type of intron between AT-AC I
and GT-AG introns. The sequence similarity between
human U4atac and U4, and between Ubatac and U6 is
about 40%, whereas yeast and human U6 are more sim-
ilar to each other than human U6 is to human U6atac
(Tarn & Steitz, 1996b). On the other hand, the sequences
of human U11 and U12 are unrelated to the sequences
of human U1 and U2, respectively (Montzka & Steitz,
1988). From a mechanistic point of view, AT-AC Il and
GT-AG introns may be very closely related, because they
employ a common set of snRNAs, and point mutation
of the first and last nucleotides of a GT-AG intron can
generate a functional AT-AC II intron experimentally.
Whether AT-AC I and GT-AG introns are derived from
a common ancestor is not known. Although the respec-
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tive splicing pathways are closely related, generating
similar lariat molecules and involving snRN As that have
apparently similar roles, each pathway makes use of
several unique snRNAs.

It is puzzling that AT-AC II introns are not more
prevalent. Although two point mutations are required
to convert a GT-AG intron to an AT-AC II intron with
the same exon-intron boundaries, any single mutation
that inactivates a conventional 5’ or 3’ splice site would
be expected to activate pairs of cryptic AT-AC I splice
sites occasionally. However, to our knowledge, of the
many reported mutations that result in activation of
new splice site pairs, none involve AT-AC boundaries.
It could be argued that, because GT-AG introns appear
to splice more efficiently than introns with natural or
experimentally generated AT-AC boundaries, the higher
efficiency could confer a selective advantage to GT-AG
introns. However, efficient splicing is not always re-
quired for gene expression and, in fact, inefficient splic-
ing is often advantageous. Thus, many pre-mRNAs
with GT-AG introns splice inefficiently, which can be
crucial for the proper expression of certain viral and
cellular genes.

An interesting question is how an AT-AC I intron com-
mits to splicing via the AT-AC I pathway, rather than
the GT-AG pathway. The previous analysis of GT-AG
to AT-AC mutant introns, and the present description
of natural AT-AC II introns, indicate that the boundary
nucleotides are not responsible for the lack of commit-
ment to the standard GT-AG pathway. The AT-AC I
branch site element, which is highly conserved and
specifies base pairing to U12 snRNA, may be impor-
tant. However, its sequence fits the standard GT-AG
branch site consensus as well, and potentially it can base
pair to the correct region of U2. Perhaps the closer prox-
imity of the branch site element to the 3’ splice site in
AT-AClintrons creates a steric block that prevents com-
mitment via the GT-AG pathway. On the other hand,
the loose branch site sequence requirement for the
GT-AG pathway usually means that many cryptic
branch sites are available for use (Padgett et al., 1985;
Reed & Maniatis, 1985; Ruskin et al., 1985); moreover,
because U2 is much more abundant than U12, this is un-
likely to be the rate-limiting step. The most conserved
element in AT-AC I introns appears to be the 5 splice
site, which is substantially different from the GT-AG 5’
splice site consensus element. It may be that its ability
to be recognized by U11 and Ubatac, as proposed (Hall
& Padgett, 1994; Tarn & Steitz, 1996b), is much more fa-
vorable energetically than its recognition by U1 and Us,
thus resulting in commitment to the AT-AC I pathway.
Even when Us6atac is inactivated, an AT-AC I intron fails
to commit to the GT-AG pathway (Tarn & Steitz, 1996b;
this study), indicating that this is not a finely tuned com-
petition between two possible pathways.

Finally, unique protein components may play a crit-
ical role in targeting each type of intron to a particular
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pathway. Nothing is known at present about the pro-
tein factors that are involved in AT-AC intron splicing.
Further insights into the evolution of AT-AC introns
and their role in gene expression may be obtained when
some of these protein components are identified.

MATERIALS AND METHODS

Construction of plasmids

A portion of the human SCN5A gene was amplified by PCR
from human total genomic DNA (Promega) with primers con-
taining restriction sites and matching exons 25 and 26 to gen-
erate a fragment comprising exon 25, intron 25, and exon 26,
followed by the first 6 nt of intron 26 (Wang et al., 1996). This
fragment was digested with Hinc Il and Xba I and subcloned
into the corresponding sites of pSP64 (Promega) to generate
the pSP64-SCN5A plasmid. For construction of pSP64-
SCN5AS, a different downstream PCR primer was used to am-
plify a fragment lacking the 6 nt of intron 26; this fragment
was subcloned as a Pst I-Xba I fragment in pSP64. Likewise,
plasmid pSP64-SCN4AS was constructed from a PCR frag-
ment containing exon 2, intron 2, and exon 3 of SCN4A
(George et al., 1993), subcloned into the Hind III and BamH I
sites of pSP64. Similar constructs were made for the intron 21
and flanking exons of SCN4A, with and without a portion of
the 5’ splice site of intron 22. All constructs were confirmed
by sequence analysis and the sequences of the splice sites were
in agreement with those reported by Wang et al. (1996) and
by George et al. (1993). pSP64-SCN5A and pSP64-SCN5AS
were linearized with Xba I, and pSP64-SCN4AS with BamH I,
for use as templates for in vitro transcription with SP6 RNA
polymerase. The transcripts contain short extensions at both
ends, derived from the restriction site or vector.

Substrate preparation and in vitro

splicing assays

Nuclear extract preparation and conditions for in vitro tran-
scription and splicing of SCN4A and SCN4AS pre-mRNAs
with the AT-AC I intron 2 were as described (Wu & Krainer,
1996). The conditions for splicing the SCN5A and SCN5AS
pre-mRNAs with the AT-AC II intron 25 were the same,
except that the incubation time was 5 h. No splicing was
detectable when ATP or MgCl, was omitted. RNA was re-
covered and analyzed on 4.5% denaturing polyacrylamide
gels, followed by autoradiography. To sequence the spliced
mRNAs across the spliced junctions, each gel-purified RNA
was amplified by RT-PCR with exon 25 and 26 primers (TAT
GAAGAGCAGCCTCAGT and CAGGGGCCGTGGGATGG).
To sequence the authentic and cryptic spliced mRNAs across
the spliced junctions for SCN4AS, each gel-purified RNA
was amplified by RT-PCR with exon 2 and exon 3 primers
(TCATCGTACTCAACAAGG and TACTCCACATTCTTG
GAC). The amplified fragment, subcloned into PCR2.1 (In-
vitrogen), was sequenced with T7 Sequenase 2.0 (USB).

Oligonucleotide-directed RNase H cleavage
and inhibition by 2’-O-methyl oligonucleotides

Oligonucleotide-directed RNase H cleavage experiments were
performed as described (Wu & Krainer, 1996), using oligo-
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nucleotides complementary to Ul snRNA positions 2-11,
U2 snRNA positions 1-15, U4 snRNA positions 64-77, U6
snRNA positions 27-46, U12 snRNA positions 11-24 (Baserga
& Steitz, 1993), Udatac snRNA positions 63-82, or Ubatac
snRNA positions 66-79 (Tarn & Steitz, 1996b). 2'-O-methyl
oligonucleotide inhibition experiments were performed by
pre-incubating the nuclear extract with 2'-O-methyl oligo-
nucleotides under splicing conditions for 10 min, followed
by the addition of the pre-mRNA and further incubation
(Tarn & Steitz, 1996a). The 2'-O-methyl oligonucleotides (Oli-
gos Etc., Inc.) were either complementary to U5 snRNA po-
sitions 34-47 (Baserga & Steitz, 1993) or a control sequence of
the same length (CGUAUACCCUUGAC). All snRNA cleav-
age experiments were performed at least twice, with repro-
ducible results. The inhibition experiments gave consistent
results with four different AT-AC II intron constructs.

NOTE ADDED IN PROOF

Intron 1 of the chicken parvalbumin gene has non-consensus
splice sites (Zhou et al., Genbank U06075) and has the typ-
ical sequence features of an AT-AC II intron (G. Latter, Q.W.
& AR K., unpublished). U1l snRNA has recently been shown
to function in recognition of an AT-AC I intron 5’ splice site
in vivo (Kolossova & Padgett, 1997, RNA 3:227-233).
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